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Abstract: Biochemical fingerprinting (BF) databases of 524 enterococci and 571 Escherichia coli isolates and 
an antibiotic resistance analysis (ARA) database comprising of 380 E. coli isolates from four suspected 
sources (i.e. dogs, chickens, waterfowls, and human sewage) were developed to predict the sources of 
faecal pollution in a recreational coastal lake. Twenty water samples representing four sampling episodes 
were collected from five sites and the enterococci and E. coli population from each site were compared with 
those of the databases. The degree of similarity between bacterial populations was measured as population 
similarity (Sp) coefficient. Using the BF-database, bacterial populations of waterfowls showed the highest 
similarity with the water samples followed by STP. Higher population similarities were found between 
samples from STP and water samples especially at sites T2 and T3 which were located near the sewerage 
pipes collecting wastewater from the study area. When using the ARA database, the highest similarity was 
found between E. coli populations from STP and water samples at sites T2 and T4. Both faecal indicators 
and as well as methods predicted human faecal pollution, possibly through leakage from submerged 
sewerage pipes. The results indicated that the Sp-analysis of faecal indicator bacterial populations from 
suspected sources and water samples can be used as a simple tool to predict the source(s) of faecal 
pollution in surface waters.
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The editor
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Date: 20.04.2008
Dear Editor Charles Sheppard, 
Re: Revisions – MPB-D-08-00148
Our sincere thanks to you for critically reviewing our manuscript entitled “Population 
similarity analysis of indicator bacteria for source prediction of faecal pollution” and 
giving us the opportunity to improve the quality of the manuscript.
The comments by the reviewer are highly appreciated. We have revised the manuscript and 
addressed the queries raised by the reviewers. These are addressed below in details: 
Yours sincerely,
Warish Ahmed
* Response to Reviewers
Comments by the reviewer
The manuscript describes the application of combined typing for microbial source tracking 
in a small coastal lake. Generally the manuscript is well written and easy to follow. 
However I have some doubts whether the analysis of the data from antibiotic resistance 
testing is made in a proper way. 
 The comments by the reviewer are highly appreciated. I would like to give my 
sincere thanks to the reviewer for providing valuable suggestions. 
Title: add coastal lake to the title
 We have added coastal lake to the title (please see line 2)
Line 62 at two sites (T2 and T3)
 We have improved the line as suggested (please see line 62)
line 92 due to possible
 We have added “possible” in the revised version (please see line 94)
lines 116-128 The authors should also consider  the reference " Integrated analysis of 
established and novel microbial and chemical methods for microbial source 
tracking" Blanch AR, Belanche-Munoz L, Bonjoch X, et al. Source: APPLIED AND 
ENVIRONMENTAL MICROBIOLOGY Volume: 72 Issue: 9 Pages: 5915-
5926  Published: SEP 2006
 We have included this reference in the new version (please see line 118). 
Line 194: .....(N= 524) and E.coli (N= 571)
 We have improved the line as suggested (please see line 185)
Line 213: Why were the sensitive organisms not included in the database? They should 
also be important 
 Of the 571 isolates tested, 380 isolates were resistant to one or more antibiotics at 
different concentrations.  The remaining 191 isolates from the sources were not 
resistant to any of the antibiotics tested. Similarly, of the 435 E. coli isolates tested 
from the lake, 224 were resistant to one or more antibiotics. The remaining 211 
isolates were not resistant to any antibiotics tested. In our source tracking analysis we 
included only antibiotics resistance isolates from the both sources and water samples. 
This was done because isolates that are not resistant to any antibiotics cannot be used 
to distinguish between sources, and the origin of such isolates in environmental 
waters could not be identified (please see line 203-205)
Line 223: remove ...pooled and....
 “Pooled and” has been removed from the manuscript (please see line 214). 
Line 262: remove last 3 words
 The last 3 words have been removed (please see line 250)
Line 268: ...was found between biochemical fingerprints for waterfowls...
 This sentence has been improved as suggested (please see line 256)
Lines 274-280: the authors say there are 32 data points for ARA, however the four values 
obtained for each antibiotic are not based on independent observations. If an isolate is 
resistant to the highest concentration of an antibiotic it should also be resistant to all the 
lower concentrations. Thus, the 8 antibiotics tested should only result in eight 
observations, e.g. as sensitive, intermediate, and resistant. The authors have to consider 
this and reanalyse their data. 
 For antibiotic resistance analysis, we used peer reviewed methods (Harwood et al.
2000; Carroll et al. 2005) in which 32 data points are used. 
 We used 8 antibiotics at 4 concentrations which gives 8 X 4 = 32 observations. The 
ARPs of each isolate were recorded using four ratings: 1- for no growth, 2- for 
filmous growth, 3- for restricted growth and 4-for full growth of colonies (Carroll et 
al. 2005). For an example, we obtain the following pattern for an isolate. 
Antibiotic (μg ml-1) Isolate 1
Amoxicillin (5-10-15-20) 4 (full growth) , 3 (restricted growth), 2 (Filmous 
growth , 1 (no growth)
Cephalothin (10-25-50-100) 4, 3, 1, 1
Erythromycin (25-50-80-100) 3, 1, 1, 1
Gentamycin (20-40-60-80) 2, 1, 1, 1
Ofloxacin (5-10-15-20) 4, 3, 1, 1
Chlortetracycline (20-40-60-80) 4, 4, 4, 4
Tetracycline (20-40-60-80) 4, 4, 4, 3
Moxolactam (5-10-15-20) 4, 3, 3, 2
8 antibiotics X 4 concentrations 32 data points
We believe that our ARA data analysis is based on 32 observations as we demonstrated 
above. If you disagree, we have the data and we can reanalyse. However, this approach is 
undertaken in most peer reviewed papers on ARA. 
Lines 290-299: Unclear, reformulate
 We agree with the reviewer and removed confusing text from the manuscript
Line 323: In view of these observations .....
 The line has been improved as suggested (please see line 302)
Line 353: resulting
 The grammar has been corrected (please see line 328)
356: add alone
 “alone” has been added (please see line 332)
Line 383: the application of combined typing using BF and ARA and Sp.....
 This line has been improved as suggested (please see line 356)
Table 1:  compress
 We agree with the reviewer and we have compressed the Table 1. (please see Table 
1). 
Tables 3, 4 and 6: data needs to be recalculated with 8 ARA observations instead of 32. Also 
when combining BF and ARA both system have to be given equal weight by normalising 
the ARA data to have the same span as the BF data 
 If the reviewer is not satisfied with the justification we provided above, we would be 
happy to reanalyse the data. 
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Biochemical fingerprinting (BF) databases of 524 enterococci and 571 Escherichia coli isolates and an antibiotic 54
resistance analysis (ARA) database comprising of 380 E. coli isolates from four suspected sources (i.e. dogs, 55
chickens, waterfowls, and human sewage) were developed to predict the sources of faecal pollution in a 56
recreational coastal lake. Twenty water samples representing four sampling episodes were collected from five 57
sites and the enterococci and E. coli population from each site were compared with those of the databases. The 58
degree of similarity between bacterial populations was measured as population similarity (Sp) coefficient. Using 59
the BF-database, bacterial populations of waterfowls showed the highest similarity with the water samples 60
followed by STP. Higher population similarities were found between samples from STP and water samples 61
especially at two sites (T2 and T3) which were located near the sewerage pipes collecting wastewater from the 62
study area. When using the ARA database, the highest similarity was found between E. coli populations from 63
STP and water samples at sites T2 and T4. Both faecal indicators and as well as methods predicted human faecal 64
pollution, possibly through leakage from submerged sewerage pipes. The results indicated that the Sp-analysis of 65
faecal indicator bacterial populations from suspected sources and water samples can be used as a simple tool to 66
predict the source(s) of faecal pollution in surface waters. 67
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31. Introduction93
Faecal pollution from warm-blooded animals including humans poses public health risks due to possible94
exposure to a wide array of pathogenic bacteria, viruses and protozoa (Baker and Herson, 1999; Fong et al.,95
2005). Non-point sources (NPS) such as domestic and wild animals, urban run-off and malfunctioning septic 96
systems and/or point sources (PS) such as industrial outlets, combined sewer overflows and wastewater effluents 97
are known to be potential sources of such pollution (Ahmed et al., 2005; McLellan, 2004; Parveen et al., 1997). 98
Faecal indicator bacteria such as coliforms, Escherichia coli and enterococci have long been used by the water 99
quality monitoring authorities to detect faecal pollution and the presence of potential pathogenic microorganisms. 100
However, the presence of these indicator bacteria in aquatic environments does not provide information 101
regarding their possible sources (Harwood et al., 2000; McLellan 2004). 102
103
The identification of major polluting source(s) is vitally important in order to implement appropriate mitigation 104
strategies to minimize faecal pollution and consequent public health risks. In view of this, various microbial 105
source tracking (MST) techniques have been developed or are under development to distinguish different 106
sources of animal and/or human faecal pollution (Field and Samadpour, 2007; Stoeckel and Harwood, 2007). 107
These methods can be classified as database-dependent (DD) and database-independent (DI) methods. Database-108
dependent methods require the development of a host-origin database of phenotypic or genotypic attributes of 109
the selected indicator bacteria (e.g. enterococci or E. coli) from suspected sources. Unknown environmental 110
bacterial strains are compared to the database to identify their most likely sources (Harwood et al., 2003). In 111
contrast, DI methods are mainly polymerase chain reaction (PCR) based and do not require the development of a 112
database. Instead, these methods detect the presence of specific gene(s) associated with certain groups of bacteria 113
from humans and animals (Field and Samadpour, 2007). 114
115
The most commonly used DD methods include antibiotic resistance analysis (ARA) (Harwood et al., 2000; 116
Moore et al., 2005), carbon source utilization (CSU) (Hagedorn et al., 2003), biochemical fingerprinting (BF) 117
(Ahmed et al., 2005; Blanch et al., 2006), rep-PCR (Johnson et al., 2004; McLellan, 2004), and ribotyping (Scott 118
et al., 2004). On the other hand, DI methods such as host-specific markers such as human and cattle specific119
Bacteroides (Bernhard and Field, 2003), human-specific enterococci surface protein (esp) marker found in E. 120
faecium (Scott et al., 2005), and host specific viruses (Fong et al., 2005; Love and Sobsey, 2007). The 121
performance of these methods has not been fully evaluated or some are under evaluation for environmental 122
4studies. However, to date none of these methods are considered as being superior to others in terms of 123
identifying the all possible sources of pollution. Two recent review articles have discussed the advantages and 124
disadvantages of various MST methods (Field and Samadpour, 2007; Stoeckel and Harwood, 2007). Recently, it 125
has been reported that a combination of two or more methods could reliably be used to identify the sources of 126
faecal pollution in environmental waters (Ahmed et al., 2007; Edge and Hill, 2007)127
128
In this study, we used two phenotypic DD methods: BF and ARA to identify the sources of enterococci and E. 129
coli in a small recreational coastal lake. A population similarity (Sp) analysis was used to compare the overall 130
similarity between bacterial populations from suspected sources with those found in the water samples. Based on 131
the Sp-analysis, we also report the performance of each database (BF or ARA) alone or in combination (BF-132
ARA) in identifying the dominant source(s) of faecal pollution. 133
134
2. Materials and Methods135
2.1 Study lake136
The study lake (i.e., Tooway Lake) is located within the Caloundra City, in southeast Queensland, Australia. The 137
city has a population of approximately 70,000, and is one of the fastest growing cities in Australia and is 138
characterized by numerous beaches, rainforest, and national parks. The lake is extensively used for swimming 139
and recreational activities, and is surrounded by sewered residential areas. The lake is linear and approximately 4 140
km in length (Figure 1). The lake mouth is connected to the sea and is periodically closed by the formation of 141
sand plugs. The mouth reopens only after significant storm events. Water quality monitoring by Caloundra City 142
Council reported non-conforming faecal coliforms exceeding the Australian and New Zealand Environment and 143
Conservation Council (ANZECC) recreational water quality guidelines for fresh and marine waters of 150 faecal 144
coliforms 100 ml-1 for primary contact (ANZECC, 2000).  145
146
2.2 Host groups sampling147
Dogs, chickens, and waterfowls were identified as potential NPS faecal pollution during a through sanitary 148
survey. In addition, sewerage pipes collecting raw sewage were also suspected as possible PS of human faecal 149
pollution. For this reason composite raw sewage samples (n=3) were collected from the primary influent of a 150
sewage treatment plant (STP) servicing the area. Faecal samples from waterfowls (n=24) were collected from a 151
golf-course located at the upper reaches of the lake. Dog faecal samples (n=17) were collected from a dog kennel 152
5located 250-300 m below the golf-course and finally chicken faecal samples (n=21) were collected from various 153
properties adjacent to the lake. All faecal samples from animals were collected from fresh defecation of 154
individual animal using aseptic technique, and transported on ice to the laboratory and processed within 6 h. 155
156
2.3 Isolation of faecal indicators 157
Animal faecal samples were streaked on m-Enterococcus (Difco, London, UK) and RAPID’ E. coli 2 (REC 2) 158
agar plates (Bio-rad, USA). Plates were incubated at 45°C for 48 h (for enterococci) and 24 h (for E. coli). All 159
isolated from m-Enterococcus plates were also tested for esculin hydrolysis using bile esculin agar (Oxoid, 160
London, UK), and incubated at 45°C for 1 h to confirm their identification as enterococci (Manero and Blanch,161
1999). Single purple colonies from REC 2 agar plates were streaked on McConkey agar (Oxoid, London, UK) 162
for purity and tested for indole production and citrate cleavage. Indole positive and citrate negative isolates were 163
confirmed as E. coli. Raw sewage samples were suspended in 100 ml of buffered water (0.042 g l-1 KH2PO4 and 164
0.4055 g l-1 MgCl2) and vortexed for 3 min. Serial dilutions were made and filtered through 0.45 µm pore size 165
(47 mm diameter) nitrocellulose membranes (Advantec, Tokyo, Japan) and placed on m-Enterococcus (for 166
enterococci) and REC 2 (for E. coli) agar plates. After incubation, the confirmatory tests were performed as 167
described above. 168
169
2.4 Biochemical fingerprinting 170
Biochemical fingerprinting method was used to type enterococci and E. coli from the faecal samples of the four 171
suspected sources. Two types of micro plates specifically developed for typing of enterococci strains (PhP-RF 172
plates) and E. coli (PhP-RE plates) (PhPlate system, PhPlate AB, Stockholm, Sweden) were used. The 11 173
substrates used for enterococci and E. coli have been described before (Iversen et al., 2002; Kühn et al., 1991). 174
The fingerprinting procedures were performed according to the manufacturer’s instruction. In brief, enterococci 175
and E. coli colonies were suspended in the first well of each row containing 350 µl of growth medium. Aliquots 176
of 25 µl of bacterial suspensions were transferred into each of the other 11 wells containing 150 µl growth 177
medium. Plates were then incubated at 37°C and A620 was measured at 7, 24, and 48 h for E. coli and at 16, 40 178
and 64 h for enterococci using a micro plate reader (Lab-system Multiskan, Helsinki, Finland). After the final 179
reading, the mean value for all three readings was calculated for each isolate (biochemical fingerprint) (Kühn et 180
al., 1991). The isolates were compared pair-wise and the obtained similarity matrix was clustered according to 181
the un-weighted pair group method with arithmetic averages (UPGMA) (Sneath and Sokal, 1973). An identity 182
6level 0.96 was established based on the reproducibility of the system as described before (Ahmed et al. 2005). 183
Isolates showing similarity to each other above the ID-level were regarded as identical and were assigned to the 184
same biochemical phenotype (BPT). Enterococci (n= 524) and E. coli (n= 571) BPTs from the host 185
groups/sources were used to develop BF-databases. 186
187
2.5 Antibiotic resistance analysis 188
Escherichia coli isolates from the sources were also tested for their antibiotic resistance patterns (ARPs)189
according to previously published method (Carroll et al., 2005; Harwood et al., 2000). In brief, media was 190
prepared by amending sterile trypticase soy agar (TSA) (Oxoid, London, UK) with antibiotics and poured into 191
petri-dishes. The ARP of each isolate comprised of 32 observations of eight antibiotics (Sigma Chemical Co., St. 192
Louis, Mo, USA) at four concentrations and included: amoxicillin, 5, 10, 15, and 20 µg ml-1; cephalothin, 10, 25, 193
50, and 100 µg ml-1; erythromycin, 20, 50, 80, and 100 µg ml-1; gentamicin, 20, 40, 60, and 80 µg ml-1; ofloxacin, 194
5, 10, 15, and 20 µg ml-1; chlortetracycline, 20, 40, 60, and 80 µg ml-1; tetracycline, 20, 40, 60, and 80 µg ml-1; 195
moxalactam, 5, 10, 15, and 20 µg ml-1. Isolates were inoculated into nutrient broth and incubated at 37°C for 18 196
h, and then transferred into sterile multipoint inoculator cups and inoculated onto pre-made TSA agar plates with 197
antibiotics. One TSA agar plate (Oxoid) was left blank and served as the control. All plates were incubated at 198
37°C for 24 h. After incubation, the bacterial growths for different antibiotics and concentrations on each plate 199
were recorded using four ratings: 1- for no growth, 2- for filmous growth, 3- for restricted growth and 4-for full 200
growth of colonies (Carroll et al., 2005). Isolate that did not exhibit any growth on the control plates was not 201
used in the analysis. In the current study, of the 571 E. coli isolates tested, 380 were resistant to one or more 202
antibiotics, and were used to develop the ARA-database.  Isolates which were not resistant to any of the 203
antibiotics tested from the sources were not included in the database as they could not be used to distinguish 204
among the sources.205
206
2.6 Lake sampling207
Five sampling sites (i.e. T1-T5) were chosen at various points along the length of the lake (Figure 1). Water 208
samples (n=20) were collected fortnightly on four occasions.  Sample site T1 was located in the upper reaches of 209
the lake which receives water from an upstream golf course. Sample site T2 was located near a dog kennel. 210
Sample sites T3 and T4 both were located near sewerage pipes. Sample site T5 was located at lake mouth which 211
is exclusively used for swimming and other recreational activities. From each site up to 39 colonies of 212
7enterococci (where possible) and 23 colonies of E. coli (where possible) were biochemically fingerprinted. The 213
biochemical fingerprints of enterococci and E. coli isolates from each site were compared to the corresponding 214
BF-database. However, only E. coli isolates from water samples were subjected to the antibiotics panel and their 215
ARPs were compared to the ARA-database.  In addition, the ARPs and BF data of E. coli isolates from water 216
samples were combined together and compared with the composite of BF-ARA-database. 217
218
2.7 Data analysis and source tracking219
To identify the dominant source(s) of faecal pollution, a Sp-analysis (Kühn et al., 1991) was performed between 220
the populations of faecal indicators from the sources and water samples based on their BPTs, ARPs, and a 221
combination of both. In brief, phenotypic similarity between bacterial populations in two samples was calculated 222
as Sp-coefficient and determined as (Sx + Sy)/2 where Sx is the similarity of population x in population y and Sy 223
is the similarity of population y in population x. In this way, the Sp-coefficient calculates the proportion of 224
isolates that are identical (i.e. having the same BPT/ARP) in two or more compared bacterial populations (Kühn 225
et al., 1991). It is high (maximum 1) if two populations contain isolates with similar BPT/ARP, and is low 226
(minimum 0) if the populations contain isolates with different BPT/ARP. Comparison of several bacterial 227
populations yielded a matrix of Sp-coefficient which can be clustered to show the degree of similarity between 228
populations in a two dimensional dendrogram. All data handling, including optical readings and calculation of 229
Sp-coefficient were performed using the PhPlate software version 4001. 230
231
3. Results232
3.1 Abundance of indicator bacteria in the lake 233
The number of enterococci in water samples ranged from 140 to 760 colony-forming units (cfu) 100 ml-1 with 234
the highest number observed at site T3 (760 cfu 100 ml-1) followed by 680 cfu 100 ml-1 at site T2. For E. coli, 235
these figures ranged from 252-3125 cfu 100 ml-1 with the highest number at site T2 (3125 cfu 100 ml-1) followed 236
by 2533 cfu 100ml-1 at site T3. The abundance of indicator bacteria in all water samples exceeded the Australia 237
and New Zealand Environment and Conservation Council (ANZECC) recreational water quality guidelines for 238
fresh and marine waters of 150 faecal coliforms 100 ml-1 and 35 enterococci 100 ml-1 for primary contact 239
(ANZECC, 2000). 240
241
242
83.2 Antibiotic resistance patterns of Escherichia coli strains 243
All 571 E. coli isolates collected from sources/host groups were subjected to antibiotics panel and their ARPs 244
were determined by numerical scoring scheme. Of these, 380 (67%) isolates were resistant to one or more 245
antibiotics at different concentratuons (Table 1). In general, isolates from all sources showed lower resistance to 246
gentamycin (80 µg ml-1), ofloxacin (5, 10, 15 and 20 µg ml-1), tetracycline (80 µg ml-1) and moxolactam (10, 15, 247
and 20 µg ml-1). The best discrimination between human and animals was found on the basis of amoxicillin (15 248
and 20 µg ml-1), cephalothin (10 μg ml-1), erythromycin (20 and 100 μg ml-1), chlortetracycline (20 μg ml-1), and 249
moxolactam (5, 10, 15, and 20 μg ml-1). Isolates from waterfowls were the least resistant to antibiotics.250
251
3.3 Population similarity (Sp) analysis among the suspected sources252
Initially, a Sp-analysis was performed by comparing bacterial populations from each source with others to 253
identify the degree of similarities among the sources. Table 2 shows the number of enterococci and E. coli254
isolates tested from the sources for their biochemical fingerprints and subjected to Sp-analysis. For enterococci255
biochemical fingerprints, the highest Sp-coefficient was found between waterfowls and chickens (0.27) followed 256
by dogs and chickens (0.16). Enterococci populations from the STP generally showed low Sp-coefficients with 257
those of animals. Similar patterns were observed when E. coli populations from STP and animals were subjected 258
to Sp-analysis except that the Sp-coefficients among animals were higher than those of enterococci. 259
260
Of the 571 E. coli isolates tested, 380 were resistant to one or more antibiotics at different concentrations. The 261
highest Sp-coefficient was found between dog and chicken (0.17). In contrast, E. coli populations from the STP 262
showed low Sp-coefficients with those of animals (Table 3). The BF (11 data-points) and ARA (32-data points) 263
data were combined together for each isolate and a composite database (i.e., BF-ARA database) comprising of 264
380 isolates was developed. When this composite database was subjected to Sp-analysis, very low Sp-265
coefficients were found among the sources as opposed to those values obtained by either BF or ARA database 266
alone (Table 4). 267
268
3.4 Source tracking 269
Table 5 shows the number of enterococci and E. coli isolates tested from each sampling site. To predict the 270
source(s) of faecal pollution, enterococci, and E. coli populations from each site were compared with the 271
populations from the sources. When using BF-database, enterococci populations from waterfowls showed the 272
9highest Sp-coefficient (mean ± SD; 0.46 ± 0.09) with water samples followed by STP (0.31 ± 0.06) (Table 5).  273
Similar patterns were also observed when E. coli BF-database was used (0.32 ± 0.03; waterfowl, and 0.27 ± 274
0.09; STP). Both bacterial populations from all sampling sites showed higher similarities with waterfowls. In 275
contrast, bacterial populations from dogs and chickens generally showed low similarities with water samples, 276
except a higher value (0.29 for E. coli) was found between dogs and water samples for site T2. High similarity 277
values were also observed for both bacterial populations from STP and water samples with higher values found 278
in sites T2 and T3 located below the submerged sewerage pipes collecting domestic wastewater. 279
280
Of the 435 E. coli isolates tested from the lake, 224 (51%) were resistant to one or more antibiotics. Table 6 281
shows the number of antibiotic resistant E. coli isolates at each sampling site.  When E. coli populations from 282
each site were compared to those of the ARA-database, the highest similarity (mean Sp-coefficient ± SD: 0.27 ± 283
0.07) was found between STP and water samples followed by waterfowls (0.16 ± 0.07). The Sp-coefficients 284
between STP and water samples was higher than animals with the highest found in sampling sites T2 and T4 285
(Table 6). E. coli populations from dogs and chickens generally showed low similarities with water samples. The 286
mean Sp-coefficients between STP and water samples was significantly higher than dogs and chickens (P=0.01).  287
288
The BF and ARA data were combined for each environmental isolate and compared to the composite BF-ARA 289
database. Comparison of E. coli populations with this database also showed higher Sp-coefficients for STP (0.14 290
± 0.09) and waterfowls (0.09 ± 0.02) with water samples than dogs (0.04 ± 0.03) and chickens (0.01 ± 0.01) 291
(P=0.001)292
293
4. Discussion294
Database-dependent methods have been extensively used to identify the sources of faecal pollution in various 295
aquatic environments (Ahmed et al., 2005; Carroll et al., 2005; Hagedorn et al., 2003; Harwood et al., 2000; 296
Scott et al., 2004). However, the application of these methods could be limited by factors such as the lack of 297
stability of bacterial characters, statistical analysis and accuracy (Gordon, 2001; Harwood et al., 2003; Ritter et 298
al., 2003; Stoeckel et al., 2004). Furthermore, the lack of host-specificity and cosmopolitan nature of the 299
indicator bacteria are major drawbacks for DD methods (Gordon, 2001), although it has been reported that 300
certain enterococci and E. coli could be host-specific (Ahmed et al., 2005; Clermont et al., 2008). In view of 301
these observations, it has been suggested that DD methods could probably be suitable for a small catchment with 302
10
limited sources of faecal pollution rather than a large mixed landuse catchment which generally receives 303
pollutants from diverse sources. 304
305
In this study, waterfowls, chickens and dogs were identified as potential sources of faecal pollution. Additionally, 306
a STP servicing the study area was also identified as potential source as the pipes in the reticulation network was 307
quite old. It is acknowledged that the databases used in this study comprised of relatively smaller number of 308
isolates when compared to the large databases reported in the literature (Ahmed et al., 2005; Hagedorn et al.,309
2003; Harwood et al., 2000; Wiggins et al., 2003). However, our study area had only a small population of dogs 310
(≤ 20) and chickens (≤25). In addition, the number of waterfowls observed during sampling was also low (≤ 30). 311
Therefore, developing a database containing thousands of isolates from such small number of sources was not312
practical. Given the small size of the catchment, and limited number of polluting sources (i.e., dogs, chickens 313
and waterfowls), and the fact that two faecal indicators, and two source tracking methods were applied, it was 314
hypothesised that these databases would be able to identify the dominant sources of faecal pollution. 315
316
Before evaluating the predictive capability of each database, the discriminatory ability of each method was 317
assessed individually to ensure that each database was capable of distinguishing between sources especially STP 318
from animals. The Sp-coefficients among the sources determined by enterococci BF-database was generally low 319
(except between waterfowl and chicken; Sp-coefficient of 0.27). A similar pattern was also observed among the 320
sources when E. coli BF-database was used except that in this case the Sp-coefficient between waterfowls and 321
dogs was high (0.31). Nonetheless, low Sp-coefficients between bacterial populations from STP and animals 322
indicated that both the databases could be used to distinguish between them. The Sp-coefficients among the 323
sources determined by E. coli ARA-database also showed very low similarities among the sources, especially 324
between STP and animals (< 0.04) compared to BF-databases. This is because the ARA-database was comprised 325
of relatively smaller number of isolates (i.e. 380) than the BF-database (i.e. 571) resulting in lower similarities 326
(i.e. higher discrimination) among the sources. Furthermore, the ARA-database was based on 32 data-points for 327
each isolate compared to the BF-database which comprised of 11 data-points for each isolate resulting in higher328
discrimination among the sources. The BF and ARA data was also combined for each isolate and the Sp-analysis 329
was performed to evaluate the discriminatory ability of the composite database. This approach yielded a 330
relatively low Sp-coefficient (< 0.03) between STP and animals indicating that the combination of two datasets 331
is far more discriminatory than either method alone. However, it has to be noted that such low similarities as 332
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reported in this study depends on the number of sources and the number of isolates tested from each source. A 333
database comprising of a large number of isolates from multiple sources will commonly yield higher similarities 334
among sources due to the cosmopolitan nature of faecal indicator bacteria (Ahmed et al., 2006). Therefore, 335
successful application of this approach could be limited to a small catchment with limited sources of faecal 336
pollution and will require in-depth knowledge of the study area. 337
338
Enterococci and E. coli populations from surface waters showed higher similarities with waterfowl and STP as 339
opposed to dog and chicken. Bacterial populations from sites T2, T3, and T4 had higher similarities to STP, and 340
interestingly sites T2 and T3 located near the submerged pipes. In contrast, bacterial populations from dogs and 341
chickens showed low similarities with water samples except site T2 which showed a high similarity (0.29) 342
between dogs and water samples. This was not surprising as this site was located near a dog kennel, and 343
therefore, could be more exposed to faecal pollution from dogs. The ARA-database of E. coli also showed higher 344
similarity between STP and water samples than animals with the highest found in site T2 (0.35). The fact that 345
both indicator bacteria and as well as all databases showed higher similarities between the bacterial populations 346
from STP and water samples from sites T2 and T3 (where the submerged collection pipes are located), indicated 347
possible of wastewater leakage into the lake. We also verified these findings by using a composite BF-ARA-348
database which resulted in similar findings although, the overall similarities between the sources and water349
samples were lower than the values obtained by using BF or ARA-database alone because of the increased 350
discriminatory power of the composite datasets. Hence, in order to obtain a clear indication of the dominant 351
sources of pollution, a large number of isolates from the sources and water samples could be tested when a 352
composite approach is used. However, it has to be noted that the combination approach may not be suitable 353
because of associated cost for typing a large number of isolates from both the sources and water samples. 354
355
In conclusion, the study has demonstrated the application BF and ARA along with Sp-analysis of faecal 356
indicator bacteria to identify the dominant sources of faecal pollution in a small recreational coastal lake. Each 357
database individually identified the major sources of faecal pollution with a good degree of discrimination. 358
When the datasets from these databases were combined, a higher discrimination was found. However, it still 359
pointed the same sources of pollution. The Sp-analysis, as used in this is a simple, rapid and reliable approach 360
and could be used for comparing bacterial populations from sources with water samples to predict the sources of 361
12
faecal pollution. However, this approach should be limited to small catchments with limited sources of faecal 362
pollution. 363
364
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Table 1 Percentage of antibiotic resistance of Escherichia coli isolates tested from sources and water samples497
% of isolates resistantAntibiotic (μg ml-1)
STP (n=140) Waterfowls (n=66) Dogs (n=98) Chickens (n=76) Water samples (n=224)
Amoxicillin (5-10-15-20) 94-91-78-69 36-27-26-7 68-55-44-33 62-57-46-32 41-38-35-33
Cephalothin (10-25-50-100) 87-31-19-11 41-33-21-14 45-40-32-28 43-38-38-22 34-30-24-22
Erythromycin (25-50-80-100) 89-48-22-8 27-24-27-6 62-49-44-33 59-57-32-28 51-43-21-10
Gentamycin (20-40-60-80) 13-9-2-0 17-5-0-0 17-14-11-6 22-14-5-0 12-8-7-5
Ofloxacin (5-10-15-20) 10-4-2-1 9-2-0-0 11-4-0-0 4-1-0-0 8-5-4-3
Chlortetracycline (20-40-60-80) 54-38-15-6 32-29-21-14 35-32-27-20 36-28-18-8 43-36-25-15
Tetracycline (20-40-60-80) 32-22-8-0 11-9-3-0 24-21-14-9 25-14-12-1 14-12-8-7
Moxolactam (5-10-15-20) 26-15-14-10 0-0-0-0 7-3-2-1 14-6-4-1 5-3-2-1
498
499
500
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509
Table 2 A correlation coefficient matrix showing the degree of similarity among enterococci (Ent) and 510
Escherichia coli populations among sources based on their biochemical fingerprints. 511
Population similarity (Sp) coefficientNumber of isolates
STP Waterfowls Dogs Chickens
Sources
Ent E. coli Ent E. coli Ent E. coli Ent E. coli Ent E. coli
STP 121 171 1.00 1.00
Waterfowls 156 130 0.12 0.17 1.00 1.00
Dogs 116 131 0.03 0.09 0.09 0.13 1.00 1.00
Chickens 131 139 0.11 0.07 0.27 0.31 0.16 0.21 1.00 1.00
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Table 3 A correlation coefficient matrix showing the degree of similarity among Escherichia coli populations 554
among sources based on their antibiotic resistance patterns. 555
Population similarity (Sp) coefficientSources Number of isolates
STP Waterfowl Dog Chicken
STP 141 1.00
Waterfowl 66 0.01 1.00
Dog 98 0.03 0.08 1.00
Chicken 75 0.02 0.05 0.17 1.00
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Table 4 A correlation coefficient matrix showing the degree of similarity among Escherichia coli populations 597
among sources based on the composite database of biochemical fingerprints and antibiotic resistance patterns. 598
Population similarity (Sp) coefficientSources Number of 
isolates STP Waterfowls Dogs Chickens
STP 141 1.00
Waterfowls 66 0.01 1.00
Dogs 98 0.01 0.03 1.00
Chickens 75 0.02 0.02 0.08 1.00
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Table 5 Comparison of population similarity (Sp) coefficient based on biochemical fingerprinting of enterococci (Ent) and Escherichia coli isolates from sources and water 613
samples collected from sites T1-T5. 614
615
616
Population similarity (Sp) coefficient to water samples
T1 T2 T3 T4 T5
Mean population similarity 
(Sp) value
Sources
Ent 
(n=116)
E. coli
(n=85)
Ent 
(n=97)
E. coli
(n=92)
Ent 
(n=97)
E. coli 
(n=87)
Ent 
(n=98)
E. coli 
(n=83)
Ent 
(n=100)
E. coli 
(n=88)
Ent E. coli
STP 0.32 0.22 0.27 0.38 0.35 0.29 0.40 0.31 0.24 0.14 0.31 ± 0.06 0.27 ± 0.09
Waterfowl 0.26 0.31 0.48 0.37 0.46 0.31 0.47 0.27 0.46 0.34 0.46 ± 0.09 0.32 ± 0.03
Dog 0.09 0.03 0.15 0.29 0.11 0.17 0.13 0.07 0.10 0.13 0.11 ± 0.02 0.13 ± 0.10
Chicken 0.07 0.11 0.13 0.09 0.16 0.03 0.06 0.04 0.04 0.02 0.09 ± 0.05 0.05 ± 0.03
Populations showing similarity above 0.25 (maximum 1) have been highlighted. 617
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Table 6 Comparison of population similarity (Sp) coefficient based on antibiotic resistance of Escherichia coli629
isolated from sources and water samples collected from sites T1 to T5. 630
631
Population similarity (Sp) coefficient to water samplesSources
T1 (n=31) T2 (n=69) T3 (n=46) T4 (n=52) T5 (n=26)
Mean population 
similarity (Sp) value
STP 0.19 0.35 0.29 0.34 0.20 0.27 ± 0.07
Waterfowl 0.11 0.14 0.27 0.09 0.19 0.16 ± 0.07
Dog 0.02 0.11 0.07 0.04 0.11 0.07 ± 0.04
Chicken 0.06 0.05 0.06 0.01 0.03 0.04 ± 0.02
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Legends to figure
Fig.  1. Sampling sites (T1-T5) on Tooway Lake. GC, DK, and PS showing the location of the golf course golf 
course, dog kennel, and pumping station, respectively. 
